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Abstract 
Highly-sensitive HTS-SQUIDs are applied to various systems such as eddy-current non-destructive evaluation 
(NDE) and compact magnetometer systems. To avoid unstable operation of the SQUID due to an excitation field, a 
flux transformer made of normal Cu wire is used to separate the pickup coil and SQUID. However, the resistance of 
the flux transformer generates thermal noise and reduces the signal bandwidth at low frequencies. In this study, we 
investigate use of a superconducting flux transformer with resistive connections (SFTR). The SFTR consists of 
pickup and input coils made of HTS thin films. The two coils are connected by using an HTS coated conductor. The 
input coil is stacked on an HTS thin film gradiometer. From the measured results of resistances of the connections 
between each coil and the coated conductor, it was found that the resistance of bonding wire was a dominant 
component. The estimated resistance of the SFTR was 7.2 mΩ, corresponding to a lower cut-off frequency of 11.7 
Hz. 
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1. Introduction 
The superconducting quantum interference device (SQUID) using high-Tc superconductors (HTS) is a promising 
sensor for weak magnetic signals. In some applications such as eddy-current non-destructive evaluation (NDE) and 
compact magnetmeter, a rather high excitation field is applied to a sample. To avoid unstable operation of the 
SQUID due to an excitation field, a flux transformer made of normal Cu wire is used to separate the pickup coil and 
a SQUID which can be located at a distant place with only a slight influence of the excitation field [1,2]. However, 
the resistance of the flux transformer generates thermal noise and reduces the signal bandwidth at low frequencies. 
In this study, we investigate use of a superconducting flux transformer with resistive connections (SFTR). The 
details of the HTS coated conductor used for the flux transformer were previously reported by Tsukamoto et. al. [3].  
2. Device description 
We used an HTS-SQUID module in which an HTS multiturn input coil is stacked on an HTS-SQUID 
gradiometer as shown in Fig. 1[4]. The SQUID module is equipped with large electrodes for soldering an external 
pickup coil. The mutual inductance between the input coil and SQUID of 1.6 nH was obtained experimentally. In 
this study, an HTS multiturn thin film coil with the same design as the input coil was used as a pickup coil and two 
coils were connected by using an HTS coated conductor.  
Fig. 2(a) shows an equivalent circuit model of the SQUID module with an external pickup coil [3]. When a 
magnetic signal Bp of frequency f is applied to the external pickup coil, induced voltage is given by ܸݏ ൌ
ʹߨ݂ܤ௣ ௣ܰܣ௣. Np and Ap are the number of turns and the loop area of the external pickup coil. Because the pickup 
coil is connected with the input coil Li, signal current ܫ௦ ൌ ௦ܸȀܼ   flows to the input coil, and therefore  ܼ ൌ
ሺܴ௣ଶ ൅ ሺʹߨᐦሺܮ௣ ൅ ܮ௜ሻሻଶሻଵȀଶ  is the impedance of the flux transformer. Then, the signal flux ߶௦ ൌ ܯܫ௦ is detected by 
the SQUID through the mutual inductance M. The signal flux transformed to SQUID is given by ߶௦ ൌ
ʹߨ݂ܯܤ௣ ௣ܰܣ௣Ȁሺܴ௣ଶ ൅ ሺʹߨᐦሺܮ௣ ൅ ܮ௜ሻሻଶሻଵȀଶ . We can define the effective area ܣ௘௙௙  equivalent to sensitivity as 
ܣ௘௙௙ ൌ ߶௦Ȁܤ௣. Theܣ௘௙௙as well as ߶௦ exhibits the lower cut-off frequency ௖݂ ൌ ܴ௣Ȁሺʹߨ൫ܮ௣ ൅ ܮ௜൯ሻ. 
 
 
 
Fig.1 (a) Optical photograph of HTS multiturn thin film input coil, (b) a schematic of the input coil pattern and (c) SQUID gradiometer chip. 
Fig. 2(b) shows the schematic diagram of the SFTR. We used an HTS coated conductor for the connection 
between the input coil and pickup coil. In our SFTR, unfortunately, there are four kinds of connections with 
resistance as listed in Table Ϩ.  
                  
Fig.2 Equivalent circuit models of the SQUID module with an external pickup coil and (b) a schematic diagram of the SFTR. 
(a) 
(c) (a) (b) 
(b) 
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3. Experimental and results 
3.1. Resistance measurement of SFTR. 
The contact resistances were measured by a four probe technique at 77 K. Fig. 3(a) shows a photograph of the 
sample for measurement of solder resistance. Two coated conductors were soldered. We calculated the resistance by 
applying a current from opposite ends of the tapes, and measuring the voltage. The overlapped area of two 5 mm 
wide coated conductors with solder is about 20 mm.  Fig. 3(b) shows a schematic of the sample for measurement of 
other resistive components. We used R1-R4, B, C, D and E are electrodes on the Printed-circuit board for 
measurement. For example, to measure the resistance of ղ, we applied a current from R2 to D and measured the 
voltage using R1 and B. Table Ϩ lists the results and the wiring configuration. As a result, the resistance of the Al 
bonding wire of 32.3 mΩ per one connection is an obviously dominant resistive component among them. To reduce 
the resistance of the SFTR, 25-wires were bonded in parallel, resulting in the resistance of 1.3 mΩ. Since four 
bonding connections are included in the SFTR as shown in Fig. 2 (b), the total resistance of the SFTR including the 
resistance of Cu pattern on the printed-circuit board was estimated to be about 7.2 mΩ. 
 
                        
  
Fig.3 Samples for measurement of (a) soldering and (b) other resistive components. 
TableϨ Measurement of flux transformer resistance. 
Resistive component Resistance per one 
connection mΩ 
Wiring configuration 
I V 
ձsolder between HTS coated conductor and 
large electrodes 
0.00733  
ղCu pattern on printed-circuit board 0.5 R2эD 
 
R1яB 
ճAl bonding wire (dominant)  32.3 R1эR4 R2яR3 
մContact resistance between HTS thin film and 
Au deposited on it. 
0.005 R1эR4 CяE 
(a) (b) 
Soldering 
Coated conductors 
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3.2. Numerical calculation of frequency responses and field noise spectra. 
We performed the numerical simulation of the frequency responses and noise spectra. The parameters used in 
calculation are Li=49 μH, Lp=49 μH, Rp=131 mΩ for 1-wire and 7.2 mΩ for 25-wires, T=77 K, M=1.6 nH, Bp=1.0 
nT, Ap=17.5x10-6 m2. We applied those parameters to the following formula and calculated. The noise spectra for 
the SQUID module is given by  ܵథ ൌ Ͷ݇஻ܴܶ௣ܯଶȀሺܴ௣ଶ ൅ ቀʹߨᐦ൫ܮ௣ ൅ ܮ௜൯ቁ
ଶሻ ൅ ܵథௌொǤ The field noise spectra for the 
SQUID module is then given by  ܵ஻ଵȀଶ ൌ ܵథଵȀଶȀܣ௘௙௙. In addition, the flux noise (ܵథௌொଵȀଶ ሻ of the SQUID is set to 5x10-6
ȭ0/Hz1/2. The calculated results are shown in Fig. 4. The two cut-off frequency values in the figure are the 
calculated results using the formula given in Chapter 2. The lower cut-off frequency as low as about 10 Hz was 
obtained, although the low frequency noise was increased at a frequency less than 1 kHz from a white noise level of 
0.7 pT/Hz. We will actually measure frequency responses and noise spectra and compare these results in future. 
 
 
Fig.4 (a)Calculated frequency responses and (b) noise spectra for the SQUID module with the SFTR including the connections with 1-bonding 
wire and 25-bonding wires. 
4. Conclusion 
We investigated the HTS superconducting flux transformer with resistive connections (SFTR) using HTS thin 
film multiturn coils and coated conductors. Resistance measurements indicated that the Al bonding wire used for 
connection between the HTS coil and electrodes at the printed-circuit board was a dominant resistive component in 
the SFTR. From the numerical simulations based on the resistance measurements, it was found that the lower cut-off 
frequency of about 10Hz was expected. 
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